ABSTRACT. The effect of selection for postweaning weight was evaluated within the growth curve parameters for both growth and carcass traits. Records of 2404 Nellore animals from three selection lines were analyzed: two selection lines for high postweaning weight, selection (NeS) and traditional (NeT); and a control line (NeC) in which animals were selected for postweaning weight close to the average. Body weight (BW), hip height (HH), rib eye area (REA), back fat thickness (BFT), and rump fat thickness (RFT) were measured and records collected from animals 8 to 20 (males) and 11 to 26 (females) months of age. The parameters A (asymptotic value) and k (growth rate) were estimated using the nonlinear model procedure of the Statistical Analysis System program, which included fixed effect of line (NeS, NeT, and NeC) in the model, with the objective to evaluate differences in the estimated parameters between lines. Selected animals (NeS and NeT) showed higher growth rates than control line animals (NeC) for all traits. Line effect on curves parameters was significant (P < 0.001) for BW, HH, and REA in males, and for BFT and RFT in females. Selection
INTRODUCTION
In an attempt to improve the productive performance of herds, genetic improvement programs for beef cattle have focused on growth traits that can be easily measured with high accuracy, such as weight at certain ages or weight gain (Yokoo et al., 2008) . However, in view of current consumer demands for improvements in the quality of the final product, focus on carcass traits such as loin eye area and subcutaneous fat thickness has become very important; the use of ultrasonography is fundamental for this purpose (Reverter et al., 2000; MacNeil and Northcutt, 2008) .
Selection of animals based on growth traits can lead to changes in the growth curve (Lopes et al., 2012) . Several investigators have employed nonlinear models in studies of the growth of beef cattle using weights over time (Brown et al., 1976; Perotto et al., 1992; Lopes et al., 2012) . However, investigations of development of carcass traits as a function of animal age using nonlinear models are rare.
Nonlinear models are adequate to describe the growth of beef cattle because they contain parameters with biological interpretations. Two parameters are particularly important for the identification of more efficient animals within a production system: parameter A, defined as the asymptotic value of the trait when t (time, age) tends to infinity; and parameter k, interpreted as the rate of growth or maturation which indicates the growth rate of the trait until adult age (Quirino et al., 1999; Paz et al., 2004a; Forni et al., 2007; Loiza-Echeverri et al., 2013) . Growth curves that relate weight or height, to animal age have been used widely to describe the growth of Nellore cattle (Forni et al., 2009; Lopes et al., 2012) , but little has been reported regarding the growth curve of carcass traits.
The objectives of the present study were to: describe the growth curves of body weight (BW), hip height (HH), rib eye area (REA), backfat thickness (BFT) and rump fat thickness (RFT) in Nellore cattle 8 to 26 months of age belonging to three lines selected for postweaning weight; and verify the effect of selection for postweaning weight on growth curves for these traits.
MATERIAL AND METHODS

Animals, management and data structure
The experiment was conducted in accordance with animal welfare guidelines set out in State Law No. 11977 of the State of São Paulo, Brazil.
The database used referred to the Nellore herd of Centro de Bovinos de Corte, Instituto de Zootecnia (IZ), Sertãozinho, northern region of the State of São Paulo (21°10' N, 48°5' W), Brazil. The herd consisted of three lines selected for postweaning weight. In two of the selection lines, selection (NeS) and traditional (NeT), animals were selected for higher individual performance of postweaning weight (378 days of age for males and 550 days of age for females), while in the so-called control line (NeC) animals with a postweaning weight performance close to the average were selected (stabilizing selection). In the three lines, selection has been performed within the contemporary group (selection line x year of birth) since 1980 (Mercadante et al., 2003) .
The NeC and NeS lines were basically managed in the same environment, while the NeT line was managed on the same farm, but in different lots. As a consequence, the difference between NeS and NeT was essentially environmental, while the difference between NeC and NeS was essentially genetic (Cyrillo et al., 2000) . Animals were kept on Brachiaria brizantha (Urochloa spp) pasture. Males were weaned at 7 months of age, following which they were sent for feedlot performance testing, where they remained for 5.5 months (April to October). Females were also weaned at 7 months, but remained on pasture until they reached 550 days of age; they were then selected for exposure to bulls at 26 months of age. There were exception of females born in 2004 and 2005 (NeC and NeS lines) and females born from 2008 to 2011 (NeT line), which they were sent for feedlot performance test after weaning for 4 months. All animals received mineral salt and protein supplementary feeding during the dry season.
The dataset used included records from 2404 Nellore animals (1256 males and 1148 females) and comprised BW, HH, REA, BFT and RFT measurements from males and BFT and RFT measurements from females. Males included in the dataset were born in 1996, 1997, 1999, 2001 and 2002, or between 2005 and 2011 , and females were born between 2003 and 2011. Figures 1 and 2 show the number of observations and means observed for the traits, as a function of age for the three lines (NeC, NeS and NeT). 
A B C D
Images for REA, BFT and RFT were collected and stored using a Pie Medical 401347-Aquila ultrasound apparatus (Pie Medical Equipment B.V., Maastricht, Netherlands) equipped with a linear 3.5-MHz 18 cm probe. For measurement of REA and BFT, the transducer was placed perpendicular to the spine between the 12 and 13th ribs on the left side of the animal using a standoff pad. For measurement of RFT, the transducer was placed at the intersection between the gluteus medius and biceps femoris muscles, between the hook and pin bones. Vegetable oil was used as the coupling agent. Measurements were obtained using the program Echo Image Viewer 1.0 (Pie Medical Equipment B.V., Maastricht, Netherlands, 1996) . Hip height was measured using measuring tapes installed inside the scale and was defined as the distance between the anterior portion of the sacral bone and the ground.
As seen in Figure 1 , records of the traits analyzed in males were concentrated from 11 to 13 months of age, a period during which animals were weighed for selection at the end of the performance test. Following this, some animals were sold, and others finished and slaughtered (approximately 8% of animals). The mean BFT of males and females in the three lines exhibited wide variation over the ages studied, and was the trait most susceptible to the environmental effect of season (Figures 1 and 2) . 
A B
Statistical analysis
Brody (Brody, 1945 ), von Bertalanffy (von Bertalanffy, 1957 , logistic (Nelder, 1961) , and Gompertz (Laird, 1965 ) models were fitted to identify the best model to describe the average growth curve of the lines for each trait studied. The interactive Gauss-Newton method described by Hartley (1961) was used to fit data and to estimate growth parameters by means of nonlinear models, using the NLIN procedure of the program Statistical Analysis System (SAS Institute, Inc., Cary, NC), with a convergence criterion of 10 -8 . The following nonlinear models were used:
von Bertalanffy: logistic:
Gompertz:
Within the models, y t was the trait observed at age t (in months); A was the asymptotic value of the trait when t (age) tended to infinity; B was a constant of integration without biological interpretation and was established by the values of the trait at age zero; k was the rate of maturation and indicated tissue growth rate until adult age (thus, the higher this value, the more precocious the animal in terms of the growth trait studied); and m determined the shape of the growth curve and, consequently, the point of inflection at which the phase of deceleration started until the adult measure was reached (Quirino et al., 1999; Paz et al., 2004a; Forni et al., 2007; Loaiza-Echeverri et al., 2013) .
In the case of the present study, no records of the traits were available after 26 months of age. Therefore, the adult measure was not reached and parameter A reflected an estimate of the measure for the last assessments.
Goodness-of-fit of the nonlinear models was evaluated using the criteria convergence of the model; mean square error (MSE); and coefficient of determination (R²). After choosing the best model for all traits studied, records for each trait were corrected for the effect of contemporary group by the least square method, taking the residuals (yres). The residuals were then added to the observed mean of each respective age class (in months) for the trait studied.
The application of nonlinear models showed the influence of line on the growth curve of the traits as a function of age considering two models. The first model, called 'reduced', assumed the absence of differences between lines (NeC, NeS and NeT). Hence, only a set of estimated parameters (A, b, and k) would be necessary to define the average growth curve of the trait analyzed for the three lines. The second model, called 'full', assumed the existence of differences between lines. Hence, different sets of estimated parameters were necessary to define three growth curves, one for each line (Paz et al., 2004b) .
To determine whether a difference existed between the reduced and full models -that is, to evaluate the need of modeling distinct curves for each line -the lack-of-fit test was applied using the observed F ratio (Equation 5 ). The PROBF function (SAS Institute, Inc., Cary, NC) was used to calculate the observed F value (Fobs), which returns the probability of an F distribution, with the degrees of freedom of the numerator being equal to DFR reduced -DFR full and the degrees of freedom of the denominator being equal to DFR full (Paz et al., 2004b) .
For Equation 5, the probability of the observed F ratio: Prob > F= 1-ProbF {F obs , [DFR reduced -DFR full ], [DFR full ]}, where SSR reduced was the residual sum of squares of the reduced model; SSR full was the residual sum of squares of the full model; MSE full was the residual mean squared error of the full model; DFR reduced was the residual degrees of freedom of the reduced model; DFR full was the residual degrees of freedom of the full model.
For all studied traits, it was necessary to use the full model (one curve for each line). Since the effect of line on the growth curve parameters was significant (P < 0.05), pairwise comparisons (NeC versus NeS, NeC versus NeT, and NeS versus NeT) of the curves estimated for each line were performed using PROC NLIN and the lack-of-fit test.
RESULTS
For the traits analyzed in males, the Brody model showed the best fit among the nonlinear models studied to describe the average growth curve of the lines for BW, HH, and REA; this model had the lowest MSE and highest R 2 . For RFT in males, and BFT and RFT in females, the logistic model showed the best fit (Table 1) . Analysis of BFT in males did not reach convergence with the models tested. This finding may be explained by the fact that most male Nellore animals in this age range (up to 20 months) did not develop subcutaneous fat (most records were close to zero and 29% (677 observations) were zero); hence, no normal distribution of the data was observed.
(Equation 5)
Estimates of the growth curve parameters (A, b, k) for the Brody and logistic models, coefficient of determination of the model, comparison between lines, and probability of the F test are shown in Table 2 for each line. The models showed a good fit to the dataset, with a coefficient of determination higher than 85% for male traits, with the exception of fat thickness in females. Parameter A was higher for males of lines NeS and NeT compared to males of line NeC, except for the trait RFT. For HH and REA in males, and BFT and RFT in females, the growth rate (k) was also higher for lines submitted to the same selection scheme (NeS and NeT) compared to NeC. The growth rate for BW was similar for all three lines (Table 2) . Figure 3 illustrates the growth curves of BW, HH, REA and RFT as a function of age in months, fitted with the Brody model, for males of lines NeC, NeS and NeT. The lack of pre weaning records and records after 20 months of age for males may explain the ascending trend of the growth curve in animals from the three lines, since these animals were still growing and had not yet reached maturity. 
A B C D
The differences in BW and HH observed between lines submitted to the same selection scheme (NeS and NeT) and NeC increased with increasing age of the animal. The initial weight of selected animals before entering the performance test at an average age of 8 months indicated a difference of more than 15 kg (NeC = 134 kg, NeS = 152 kg, and NeT = 159 kg) compared to control animals. The growth rate of HH decreased after 17 months, probably because animals had almost reached maximum bone growth (Figure 3 A and B) .
Growth of REA was intense in the period immediately following weaning. After 15 months of age, growth of REA decreased in animals from the three lines, causing the curves to approach each other by 20 months of age (Figure 3 C) . For the NeS and NeT lines, parameters estimated with the Brody model did not differ significantly (Table 2 ) and growth curves of REA of these lines were overlapping. The same could be observed for growth curves of BW and HH (Figure 3 A and B) .
With respect to fat thickness in males, greater RFT accumulation was observed from 8 to 12 months of age (Figure 3 D) , the period during which animals underwent performance testing. A decline in the growth rate and stabilization were observed following this period. This decrease after 12 months may be due to the fact that animals were transferred to pasture after the performance test, which is of lower nutritional value than feedlot rations. Additionally, animals were at the onset of puberty, a period characterized by an increase in male hormones and reduction in fat deposition.
Growth curves of BFT and RFT in females, fitted with the logistic model, are shown in 4. The difference between NeT and the other two lines was attributed to environmental effect since some of the NeT females were submitted to performance test after weaning and received a diet different from that of animals that remained on pasture. With respect to the NeC and NeS lines which were always under the same nutritional management, higher fat deposition was observed in NeC animals, which differed significantly for BFT (P = 0.0205), but not RFT (P = 0.144). 
A B DISCUSSION
There are divergences in the literature regarding the choice of the best nonlinear model to describe cattle growth. Some studies suggest the Brody function is most appropriate due to its computational simplicity, interpretability of parameters, and model convergence (Arango and van Vleck, 2002; Forni et al., 2009 ).
According to Paz et al. (2004a) , the logistic model is adequate to describe the growth of animals that have not yet reached maturity, since it contains a more variable inflection point than other models. This hypothesis was supported by findings in the present study, in which the logistic model showed the best fit to describe growth curves of BFT and RFT.
The selection for postweaning weight caused changes in growth traits (weight, gain, growth rate), including a significant difference in weight between growth curves of selected (NeS and NeT) and control (NeC) animals. This difference of more than 15 kg in the initial weight of selected animals before entering performance test compared to control animals was similar to that reported by Bonilha et al. (2008) who evaluated 9 years of the Nellore line of IZ before animals entered the finishing phase, demonstrating that an animal selected for postweaning weight is also superior in terms of post-selection weights.
The process of selection applied to the animals resulted in an estimated average genetic change of 62 kg in weight adjusted for 378 days of age (W378) in the NeS line compared to the NeC line. The estimated annual genetic progress in W378 was 0.57% and 0.77% of the average/ year in the NeS and NeT lines, respectively (Mercadante et al., 2003) . Several studies have shown that selection of cattle for postweaning weight promotes greater live weight, higher weight gain per metabolizable energy and higher carcass weight, in addition to higher retail cut yield (Koch et al., 2004; Altarriba et al., 2005; Bonilha et al., 2008; Bonilha et al., 2012; Sobrinho et al., 2013) .
Asymptotic weight (A) and growth rate (k) are considered the two most important parameters from a zootechnical point of view, especially because they possess a biological interpretation and are useful for the identification of animals that are more precocious in terms of production and economically important traits (Brody, 1945) . Lopes et al. (2012) fitted four nonlinear models to describe the growth of Nellore cattle from birth to 750 days of age and estimated values of 358 kg and 0.004 kg/day for parameters A and k, respectively, using the von Bertalanffy model, values lower than those obtained in the present study (NeC = 0.0071, NeS = 0.0075 and NeT = 0.0064 kg/day). In our study, the model was adjusted for age in months; however, for the purpose of comparison with the literature, k values are discussed using age in days.
The logistic model was used by Paz et al. (2004a) to describe the growth of animals of different genetic compositions (½ Canchim-Nellore, ½ Angus-Nellore, and ½ Simmental-Nellore) from 8 to 19 months of age. The authors reported a higher estimated value of parameter A (489 kg) for ½ Simmental-Nellore animals and a parameter k of 0.00599 kg/day. Compared to that study, the mature weight estimated for the three lines in our study (NeC, NeS and NeT) was lower, but the growth rate was higher (NeC = 0.0071, NeS = 0.0075, and NeT = 0.0064 kg/day). This fact can be explained by the crossing of Nellore animals with large breeds, such as Canchim and Simmental cattle, which tends to produce animals with higher mature weights compared to purebred Nellore animals.
According to the results shown in Table 2 , the effect of selection on weight was demonstrated by the differences found between lines. The growth rates (k) measured (kg/month) were similar for the three lines (NeC = 0.2165 kg/month (0.0071 kg/day), NeS = 0.2296 kg/month (0.0075 kg/day), and NeT = 0.1945 kg/month (0.0064 kg/day)). These estimates were higher than those reported in the literature (0.0019 to 0.0046 kg/day) for Nellore cattle (Posada et al., 2011; Lopes et al., 2012) . The most likely explanation for this is that males were sent for performance testing following weaning, and were then on pasture during the rainy season, and so had not undergone feed restriction up to 18 months of age, resulting in good weight gain.
The growth curves of BW and HH showed similar trends. Hip height is an easily measured trait and is more accurate in the determination of body size than live weight or subcutaneous fat, which can show periodic fluctuations depending on the nutritional status and physical state of the animal (Kunkle et al., 1994) . Investigators have suggested the use of linear body measures (height, length) in conjunction with weight, to better evaluate animal performance (Northcutt et al., 1992) . Several studies reported positive and high (0.53 to 0.87) genetic correlations between weights at different ages and height (Bourdon and Brinks, 1986; Cyrillo et al., 2000; Yokoo et al., 2007) . Depending on the intensity applied, selection for weight can result in a medium-to long-term increase in the height of animals.
Using nonlinear models to describe the height of Hereford cattle as a function of age, Espigolan et al. (2013) reported slightly lower values than those estimated here for parameter A (130.9 cm with the logistic model and 131.5 cm with the Brody model) and much lower values for parameter k (0.00715 to 0.00845 cm/day). The authors observed that height became practically constant by 18 months of age. The same occurred for HH in the present study, with a decrease in growth by 17 months of age. It is probable that height reaches a stable plateau early compared to other traits, because it is related to the growth of bone tissue, one of the first tissues to develop in the animal (Berg and Butterfield, 1976) .
In the present study, the effect of selection line was significant for REA, demonstrating that selection of animals for higher body weight resulted in increased REA. Bonilha et al. (2014) , studying animals from the same lines as those used in the present study, also observed higher REA in selected animals, in addition to higher water, protein and mineral content in the carcasses of these animals, compared to controls. Water and protein are the main components of muscle tissue, a fact demonstrating the greater potential of selected animals for muscle growth. Bonilha et al. (2014) also observed a higher rate of water deposition in the carcass of selected animals, confirming the greater potential of muscle tissue development as a result of selection. In contrast, in our study, a higher rate (k) of fat deposition in the carcass was detected in NeC animals, a finding that was probably due to the deceleration of muscle tissue deposition and acceleration of adipose tissue deposition, traits indicated by the inflection point of the growth curve which was reached earlier in control animals because of their smaller size.
The effect of growth traits selection on longissimus dorsi muscle area has been documented in other studies. Altarriba et al. (2005) evaluated the effect of selection for weight at 210 days of age on carcass traits in Pirenaica animals, which resulted in a greater REA. Pinheiro et al. (2012) studied the same lines as used here and reported an increase in the genetic merit of selected Nellore animals (NeS and NeT), with an annual genetic gain of 0.14 and 0.12 cm 2 in REA at 12 and 18 months of age, respectively. Soutello et al. (2002) evaluated the development of loin eye area and subcutaneous fat thickness in young bulls (Nellore, ½ Angus-Nellore, ½ Simmental-Nellore, and Canchim) raised in a feedlot system, and reported significant differences in REA at the beginning of the feedlot period between the genetic groups. However, a decrease in the development of REA was observed by 15 months of age in the four groups. In contrast, other authors have reported linear growth of REA up to 30 months of age (Pineda et al., 2013 ). In the current study, a decrease in the growth of REA after 15 months of age was evident for all three lines, a fact that was probably due to the change in feed management; animals were submitted to a pasture regimen at the end of the performance test (at approximately 13 months of age).
Studying growth and carcass traits in Hereford cattle from 6 to 24 months of age, Espigolan et al. (2013) estimated values of parameters A and k, respectively, of 103.4 cm 2 and 0.00167 cm 2 / day for REA using the von Bertalanffy model. In the present study, a much lower estimate was obtained for parameter A (around 60 cm 2 ) and higher estimates for parameter k (0.0109 to 0.0143 cm 2 /day) in the three lines. Although the Nellore breed is considered more delayed than Hereford animals, selection for W378 contributed to the increase in the growth rate of REA, producing animals with a good potential for muscle growth.
In the analysis of RFT in males, a higher value of parameter A was estimated for NeC animals compared to the NeS and NeT lines, probably because of the lower potential of muscle tissue deposition in the former, implying earlier fat deposition than in selected animals. The animals selected for postweaning weight (NeS and NeT) have a potential for adipose tissue growth as indicated by the values of parameter k (Table 2 ). This growth was more evident during the period of the performance test (8 to 13 months of age). Metz et al. (2009) evaluated carcass traits in feedlot-finished crossbred steers (Nellore x Charolais) with two initial feedlot weights at a mean age of 22 months, and found greater fat thickness and lower hindquarter and muscle quantity in the group of lighter animals compared to heavier animals. In the present study, animals from the control line, which were smaller, exhibited higher values of BFT and RFT than NeS animals, which were always raised in the same environment. In general, animals reaching maturity earlier have a smaller mature size, and consequently enter the phase of fat deposition at lighter weights (Berg and Butterfield, 1976) .
Females from the NeT line exhibited higher BFT and RFT than those from the NeC and NeS lines, a finding that was certainly due to the participation of NeT females in the performance test (2008 to 2011) when these animals received a different diet, while females from the NeC and NeS lines, which remained on pasture, suffered the effects of the dry season during the postweaning period.
The present results indicate that the selection of animals for postweaning weight may alter some production measures over time, including an increase in animal weight at a certain age, REA and HH, and an apparently slight decrease in fat thickness. According to Archer et al. (1998) , the selection of animals for growth rate acts by altering the shape of the growth curve. Therefore, depending on the selection objective, the parameters of the growth curve of a given trait may help identify animals of superior performance.
In conclusion, the selection for postweaning weight alters the growth curves of BW, HH, REA, BFT and RFT in Nellore cattle, resulting in animals with a higher growth potential. The use of curve parameters with biological interpretation (A and k) may represent an alternative for the identification of more precocious or productive animals for use in selection and genetic improvement programs.
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